Two serological tests (indirect immunofluorescence and enzyme-linked immunosorbent assay) were developed for the detection of fetal antibody to Chlamydia psittaci. Fetal blood and thoracic fluid from 126 field cases of suspected ovine chlamydial abortion were examined using both tests. Placenta and fetal tissues (lung, liver, and kidney) from the same animals were also examined by the following conventional diagnostic methods: isolation in McCoy cells, detection of chlamydial lipopolysaccharide (LPS), modified Ziehl-Nielsen staining, and direct fluorescent antibody staining of chlamydia in frozen cryostat sections. Seventy cases were positive by fetal serology, and of these, 68 were also positive by isolation and/or LPS detection. The remaining 56 cases had negative fetal serology, and of these, 39 were positive by isolation and/or LPS detection. Results indicate that fetal serology, although less sensitive than either isolation in McCoy cells or detection of chlamydial LPS antigen, may be of particular use when placenta is not available.
Enzootic abortion of ewes (EAE), induced by Chlamydia psittaci infection, occurs in most sheep-rearing countries 31 and is a source of major economic loss. In the United Kingdom, C. psittaci is the most common cause of ovine abortion, 2 and the incidence of this disease is increasing in Northern Ireland. 20 In recent reports, abortions in dairy herds 9, 14 have also been attributed to C. psittaci infection. Isolation and characterization of the abortion-causing strain from 1 herd indicated that it was serotype 1. In addition, nucleotide sequencing of the major outer membrane protein (MOMP) showed it to be identical to the known ovine abortion strain. 13 The transmission of ovine strains of C. psittaci to pregnant women, causing placentitis and abortion, has also been well documented. 5, 35 Diagnosis of EAE, by examination of fetal tissues following postmortem examination, can be achieved by a variety of methods. With the exception of isolation, which is dependent on the presence of viable chlamydiae in the sample, all of these methods are based on direct antigen detection and include modified Ziehl-Nielsen (MZN) staining of placental smears 30 and direct fluorescent-antibody staining of chlamydiae in frozen cryostat sections of placenta or fetal tissues. In addition, a number of commercial kits designed for the detection of C. trachomatis infection in humans have been applied to animal studies. These test kits are based on the detection of chlamydia lipopolysaccharide (LPS), and all employ a genus-specific monoclonal antibody. 26, 32, 33 Examination of dam sera for the presence of antichlamydial antibody by indirect enzyme-linked immunosorbent assay (ELISA) 4, 12, 21 provides a good indication of recent infection. However, the majority of sheep have preexisting background levels of antibody acquired from natural widespread infection by strains of C. pecorum. A lag time of 3-4 weeks also exists between abortion and a detectable rise in serum antibody titer. In many submissions from cases of ovine abortion, placenta may be absent, making diagnosis of EAE, on the basis of fetal tissue examination alone, considerably more difficult. Therefore, if dam serology is required for diagnosis, the delay in commencement of prophylactic antibiotic treatment may result in many additional and avoidable abortions.
There exist very few reports of fetal blood or body fluids having been examined for the presence of chlamydiae-specific antibody. In 1 of these studies, 7 the researchers examined the fetal response to experimental infection using a complement fixation test and using reactivity of fetal serum to paraffin-embedded sections of C. psittaci-infected mouse liver. In another study, 27 a number of experimental and naturally acquired field infections were examined. Fetal thoracic fluid or serum was tested for IgG levels by single radial immunodiffusion and for chlamydiae-specific antibody by indirect immunofluorescence using formalin-fixed C. psittaci-infected Vero cells. However, chla-mydiae-specific fetal antibody was detected only in aborted fetuses arising from experimental infection.
The only large-scale field study to date on ovine abortion and stillbirths has been carried out on material from 1,784 cases submitted over a 10-year period. 19 Diagnosis of chlamydial infection was made based on the results obtained from Gimenez staining of placental smears and fluorescent-antibody staining of frozen placenta sections. Fetal serology was used solely for the detection of antibodies to Toxoplasma gondii. There have been no published reports in which the detection of chlamydiae-specific fetal antibody, resulting from field infection, has been used successfully in the diagnosis of ovine abortion.
The objective of this study was to develop 2 methods (ELISA and indirect immunofluorescence) for the detection of chlamydial antibody in blood or thoracic fluid from aborted ovine fetuses and to investigate the usefulness of these methods as diagnostic tools by comparison with existing methods. The possibility that fetal antibodies arise as a result of passive maternal transfer (a consequence of placental damage) rather than a true fetal immune response to chlamydial infection was also investigated. Between 70% and 90% of all Northern Irish sheep tested have circulating antibody to adenovirus. 1 Therefore, if fetal chlamydial antibody is maternally derived, it would be expected that adenovirus antibody would also be present in many of the fetal blood and thoracic fluid samples.
Materials and methods

Collection of specimens
A total of 417 submissions from suspected cases of EAE were received by the Diagnostic Laboratories at Stormont and Omagh, Northern Ireland, during the 1994/1995 lambing season (approximately 5 mo duration). Of these 417 submissions, 126 were selected for further investigation based on the availability of suitable tissues and samples. For each of these 126 cases, placenta (either as a fresh tissue sample or in transport medium 29 ) was available with blood or thoracic fluid from all fetuses. In the majority of cases, fetal lung, kidney, and liver were also available, making it possible to perform a wide range of diagnostic tests on material from each case. Results from the 2 serological tests were compared with each other and, more importantly, with those results obtained by other diagnostic methods.
Routine tests for all submissions
Postmortem. Fetuses were initially examined postmortem, and any gross pathology suggestive of EAE was noted. Histopathological examination of formalin-fixed tissue sections was performed with MZN staining.
Bacteriology. A general bacteriological screening was carried out for each case. Fetal fluid was examined for evidence of antibody to T. gondii using a commercial latex agglutination test a and by histopathological examination of brain tissue. Detection of Leptospira infection was carried out using a direct fluorescent antibody test (FAT) on cryostat sections of placenta and fetal lung, liver, and kidney. 11 A microscopic agglutination test against 8 Leptospira serotypes was also performed on fetal fluid. A direct FAT was used for the detection of chlamydial antigen in frozen cryostat sections prepared from placenta and fetal lung, kidney, and liver for each case. This test employed fluorescein iosthiocyanate (FITC)-labeled polyclonal antibody that had been purified from a high-titer postabortion sheep serum sample.
Virology. Each case was screened for border disease by virus isolation after inoculation of fetal bovine lung cell cultures. 24 
Additional tests for selected cases
Isolation. Attempted isolation of chlamydiae from all available tissues was carried out in McCoy cells 16 (with minor modifications). Cells were harvested 48 hr postinfection, fixed in acetone, and stained with an FITC-labeled chlamydial LPS-specific monoclonal antibody. 22 Antigen detection. A commercial chlamydiae-specific LPS antigen detection kit b was used for all available tissues. The test was carried out according to the manufacturer's instructions.
Development and use of an indirect ELISA for detection of fetal chlamydial antibody
Chlamydia psittaci propagation. The C. psittaci strain chosen for this study was the S26/3 ovine abortion strain. 6, 23 It was propagated by yolk sac inoculation of embryonated hens' eggs. Chlamydial elementary bodies (EBs) were purified by differential centrifugation according to standard methods. 23 Antigen preparation. Purified chlamydial EBs were used to prepare 4 different forms of antigen: 1) native antigen, where EBs received no further treatment; 2) sodium dodecyl sulphate (SDS) antigen, where EBs were treated with SDS; 21 3) indirect ELISA antigen (IEA), d where EBs were treated sequentially with n-lauroyl sarcosine, n-octyl-␤-D-glucopyranoside, and dithiothreitol 4 to produce an MOMP-enhanced antigen preparation, with LPS removed; and 4) LPS antigen, d which was produced as a by-product of IEA antigen preparation.
ELISA format. All 4 antigen preparations were initially evaluated in the following indirect ELISA format, using 63 fetal blood and body fluid samples obtained during the previous lambing season (1993/1994). Each antigen was diluted in 0.05 M sodium carbonate buffer, pH 9.6, and used to coat medium-bind 96-well microtiter plates. No-coat control wells were included. Excess binding sites in each well were blocked with phosphate-buffered saline (PBS) containing 0.05% Tween-20 nonionic detergent (PBS-T) and 5% ␥globulin-free horse serum. Fetal blood or body fluid was tested at a dilution of 1:100 in PBS-T. Appropriate positive and negative control sheep sera were used (each diluted 1: 100), together with no-serum controls (PBS-T only). Antigen-bound ovine antibody was detected with 3 different horseradish peroxidase (HRP)-linked conjugates, using blocking solution as diluent. These conjugates were rabbit anti-sheep IgG/HRP e diluted 1:7,500, rabbit anti-sheep IgM/ HRP f diluted 1:1,000, and rabbit anti-sheep Ig/HRP g diluted 1:8,000. Bound enzyme was detected with o-phenylene diamine g prepared according to the manufacturer's instructions. Absorbance was read at 492 nm, using water as a blank. A total of 143 fetal blood and thoracic fluid samples from the 126 selected cases were screened by indirect ELISA using both native and IEA antigens, together with IgG-and Igspecific conjugates. Each sample was assigned a number, and samples were tested in a blind manner.
Development and use of an indirect immunofluorescence test for detection of fetal chlamydial antibody
Chlamydia psittaci-infected cells. The continuous cell line MDCC-MSB1 (Marek's disease virus-transformed chick lymphocytes 3 ) was maintained in suspension culture in RPMI-1640 medium supplemented with 10% fetal calf serum, gentamycin, and streptomycin. Cells were inoculated with the S26/3 strain of C. psittaci (2.7 ϫ 10 5 infectious units/10 6 cells) and harvested 48 hr postinfection. A cell pellet was produced by low-speed centrifugation and used to prepare sufficient polytetrafluoroethylene-coated multiwell slides for the study. The cells were fixed in acetone, and the slides were stored with desiccant at Ϫ20 C prior to use. Preliminary experiments carried out using these infected cells indicated that there was no nonspecific binding of either fetal antibody or conjugate.
Indirect immunofluorescence protocol. Optimization of the indirect immunofluorescent-antibody test (IIFAT) was carried out using fetal blood and thoracic fluid samples from the 1993/1994 lambing season. Samples were diluted 1:32 in PBS and incubated with C. psittaci-infected cells. Appropriate positive and negative control sheep sera were used (each diluted 1:32 in PBS), together with no-serum controls (PBS alone). Specifically bound ovine antibody was detected with either rabbit anti-sheep (␥-chain specific)/FITC f or rabbit anti-sheep (-chain specific)/FITC, f each conjugate diluted 1:250 in PBS. A total of 143 fetal blood and thoracic fluid samples arising from the 126 selected cases were screened by IIFAT, using a -chain-specific/FITC conjugate. Each sample was assigned a number, and samples were tested in a blind manner.
Use of IIFAT for detection of fetal adenovirus antibody
All fetal blood and body fluid samples were screened for the presence of adenovirus antibody by IIFAT using acetonefixed adenovirus-infected lamb testis cells. 1 Appropriate positive and negative controls were included, and bound antibody was detected using rabbit anti-sheep (␥-chain specific)/ FITC f conjugate.
Results
Development and use of indirect ELISA for detection of fetal chlamydial antibody. The greatest number of positive results were obtained when samples were screened with either native or IEA antigens with IgGspecific or Ig-specific conjugates. The number of cases (126) in this study enabled the comparison of each antigen preparation with the rate of detection for each antibody. Forty-seven of the 126 cases were positive when screened against IEA antigen with Ig-specific conjugate, compared with 39/126 when IgG-specific conjugate was used. However, 4 of these 39 cases were positive only with IgG-specific conjugate. Thus, to avoid missing potentially positive samples, it is necessary either to perform the ELISA concurrently with each conjugate or to screen initially with an Ig-specific conjugate and then retest any negative samples with an IgG-specific conjugate. All samples that were positive when screened against native antigen (27/126) were also positive when tested against IEA antigen. These results indicate that IEA antigen alone should be sufficient for the indirect ELISA.
Development and use of IIFAT for detection of fetal chlamydial antibody. When C. psittaci-infected MBCC-MSB1 cells were probed with fetal samples, the greatest number of positive results were obtained when samples were screened with -chain-specific/ FITC conjugate. When a ␥-chain-specific/FITC conjugate was used, staining generally appeared as discrete pinpoints of fluorescence within cells. Large inclusions were also occasionally seen. The appearance of positively stained cells when a -chain-specific/ FITC conjugate was used was that of a brightly fluorescent halo around a large proportion of cells suggestive of a fetal antibody response to LPS; chlamydial LPS is known to be expressed on the surface of infected cells. 18 Forty-five of 126 cases were positive by IIFAT when probed with a -chain-specific/FITC conjugate. Also, when 1 fetus from a case was positive, all fetuses from that case were positive. Equivalent results were obtained in negative cases.
Comparison of IIFAT and ELISA results. In general, there was a correlation between positive IIFAT and positive ELISA results. However, in several cases positive IIFAT but negative ELISA results were observed. These few cases also had positive results using the LPS antigen detection kit, and isolates were made from placenta, suggesting that the fetuses were aborted before a substantial IgG response to infection could be mounted. The variability in disease progression and interval between infection and abortion suggest that it would be prudent to carry out both ELISA and IIFAT on fetal samples to avoid missing any positive cases.
Comparison of fetal serological results with those of other diagnostic methods. Seventy of 126 cases had positive fetal serology. Of these 70 cases, 54 were positive both by isolation and by the LPS antigen detection kit (Fig. 1A) , and were therefore almost certainly EAE. Fourteen of the 70 cases were negative by isolation but positive by the LPS antigen detection kit (Fig. 1B) . The LPS antigen detection kit is reasonably specific, 33 so these LPS results are unlikely to have been false positives. Twelve of the 14 placentas were presented without transport medium and may have suffered a significant reduction in infectivity during the time delay between abortion and receipt of the sample.
In 2 of the 70 cases the only evidence of EAE infection was provided by fetal serology (Fig. 1C) . However, in 1 of these cases, a later ovine abortion submission from the same farm was unequivocally EAE positive.
A total of 56/126 cases had negative fetal serology. Of these cases, 17 were negative by all other diagnostic tests (Fig. 1D ) and therefore exhibited no evidence of EAE infection (2/17 had evidence of Leptospira infection and the remainder had no serological evidence of infection with abortifacient agents).
A further 17/56 cases with negative fetal serology were positive only by LPS antigen detection kit (1 was positive by MZN staining also) ( Fig. 1E ). This finding is suggestive of early abortion, prior to a fetal immune response being mounted. The remaining 22/56 cases were positive by isolation, and of these, 21 were positive using the LPS antigen detection kit (Fig. 1F) . Only 3/56 cases were positive by isolation, LPS antigen detection, and MZN/FAT staining but negative by fetal serology (Fig. 1G) .
Detection of fetal adenovirus antibody. Only 6 samples of fetal blood or thoracic fluid from the 126 cases examined had detectable adenovirus antibody, although all 6 also had antibody to chlamydiae.
Discussion
EAE, resulting from infection with C. psittaci serotype 1, is currently diagnosed by a variety of methods, the majority of which depend upon antigen detection or isolation of the organism from placenta or fetal tissues. The results presented here indicate that although less sensitive than isolation or LPS antigen detection the presence of fetal antibody to C. psittaci is a good indicator of infection. It is particularly useful if placenta is not available for examination.
Both ELISA and IIFAT require prior preparation of reagents; however, these reagents can be prepared in advance and stored in sufficient quantity for each abortion season. Chlamydial EBs can initially be grown and purified in bulk and then further processed as required to produce ELISA antigen. MDCC-MSB1 is a continuous cell line that grows in suspension culture and is susceptible to infection by abortifacient strains of C. psittaci without the need for centrifugation or cycloheximide treatment. It is therefore relatively simple to prepare large numbers of multispot slides.
In many field submissions from cases of ovine abortion, placenta is absent, thus precluding diagnostic procedures such as MZN staining, FAT staining of cryostats, isolation, and testing using an LPS antigen detection kit. It might reasonably be assumed that in the absence of placenta such tests could be performed on fetal tissues. However, 2 large-scale epidemiological surveys already carried out in this laboratory have indicated that fetal lung (or occasionally abomasal wall) is the only tissue other than placenta in which evidence of chlamydial infection will be found, and then only rarely (personal observation).
In a busy diagnostic department, only 2-3 days should elapse between submission of material and compilation of a diagnostic report. Therefore, if gross pathology and the results of the available antigen detection methods are negative, it is unlikely that C. psittaci infection will be reported as the cause of abortion.
Diagnosis of EAE on the basis of conventional tests may miss many positive cases. To date, isolation of chlamydiae has generally been regarded as the ''gold standard'' against which all other diagnostic tests are compared. However, not all laboratories have the necessary facilities or time to carry out routine isolation.
High temperatures, sunlight, and low humidity can rapidly destroy the infectivity of chlamydiae in a sample. 33 Recent studies have shown that the results obtained LPS antigen detection kit used in this study compare favorably with these obtained from isolation. 33, 36 There is evidence to suggest that antigen can be detected in the placenta some time before isolation becomes possible, 25 as supported by the results of this study. However, neither LPS antigen detection nor isolation generate useful results from tissues other than placenta. Susceptible sheep initially become infected by ingesting or inhaling C. psittaci during the previous or current lambing season. 34 The infection may first become established in the tonsil 17 before being disseminated to other sites, where it lies dormant until a subsequent pregnancy. 15 Chlamydia psittaci infection can invade the placenta and infect the fetus from around 60 days gestation, but pathological changes in the placenta do not commence until after 90 days gestation. 7 Infection with abortifacient agents such as T. gondii and C. psittaci induce a strong immunological response in the ovine fetus, 27 and the fetus becomes immunocompetent at around the same time as placental invasion begins. 28 Although the fetus may be aborted before an antibody response develops, the results of this study indicate that a fetus can be infected and have time to mount an immune response before abortion. IgM will be produced initially (IIFAT results suggest that this may be directed towards LPS), with IgG following some 6-14 days later. 28 In 2 cases, fetal serology was positive, but the results of all the antigen detection methods used were negative.
From these findings, it is postulated that infection of the fetus gives rise to an immune response that may lead to ''recovery,'' in that the infection is overcome, but abortion may occur at any stage of the process. Whether and when abortion takes place are not necessarily driven by the inability of the fetus to overcome infection but rather by the degree of acute or chronic damage to the placenta.
In healthy uninfected ovine placenta, maternal antibodies do not cross the placental barrier. 8 Infection with an abortifacient organism such as T. gondii (which causes severe placentitis) does not result in the transplacental transfer of maternal antibody; fetal antibody arises endogenously. 10 Gross pathological changes were observed in approximately 25% of the 126 placentas examined during the course of this study. Chlamydial antibody was found in 70 cases, yet despite the prevalence of adenovirus infection in the general sheep population, adenovirus antibody was present in only 6 of these 70 cases. These results support the theory that fetal chal-mydial antibody is not maternally derived because of placental damage, but rather that it is produced by the fetus in response to in utero infection. The presence of fetal adenovirus antibody may also be as a result of exposure in utero; as transplacental infection by adenovirus in sheep has been described. 6 The presence of chlamydial antibody in fetal blood or thoracic fluid should be regarded as indicative of infection with abortifacient strains of C. psittaci, particularly because other species of chlamydiae do not invade the placenta. Fetal serology is a useful additional aid for the routine diagnosis of EAE and should be considered if conventional tests such as MZN staining and FAT cryostat staining prove negative, if placenta has not been submitted, or where facilities for routine isolation procedures are lacking and time for diagnosis is limited.
